The regeneration of damaged cartilage due to injuries and diseases is a major goal for the future. Cartilage has limited healing capacity. There have been a number of studies shown to induce cartilage regeneration both in vitro and in vivo. Yet we are far from obtaining regenerated cartilage that has the properties similar to the native cartilage. Chondrogenesis of mesenchymal stem cells (MSCs) can be induced by biophysical and biochemical factors. This review article focuses on the recent studies and their findings on the role of mechanical loading on inducing chondrogenesis of MSCs. Previous studies have demonstrated promising results on mechanical stimulation of MSC chondrogenesis. More studies are needed to provide optimal conditions for mechanical stimulation of MSC chondrogenesis and a better understanding in mechanisms behind it. Therefore, it will help to develop new strategies for cartilage repair using MSCbased therapies such as cell transplantation and cartilage tissue engineering.
INTRODUCTION
Articular cartilage can deteriorate due to injuries and diseases such as rheumatoid arthritis (RA) or osteoarthritis (OA). Deterioration of articular cartilage is often a significant cause of morbidity and diminished quality of life. Due to avascularity and low cellularity, articular cartilage has limited capacity of self-repair. Damaged cartilage rarely heal spontaneously [1, 2] because chondrocytes are bound in lacunae and cannot easily migrate to damaged areas and lay down new matrix. Surgery has been the main therapeutic option to repair damaged cartilage such as lavage arthroscopy, shaving, microfracture, debridement, laser abrasion/laser chondroplasty, microfracture, and pridie drilling [3] [4] [5] [6] [7] [8] [9] [10] . Although these procedures can significantly reduce pain and improve joint function, their long term outcomes still remain unpredictable [3] . Therefore, the regeneration of damaged cartilage in different pathological situations is a major goal for the future to be achieved through newly developing treatments such as cell and gene therapies.
Spontaneous repair of articular cartilage can occur when damage extends beyond the subchondral bone. Soon after the penetration of the vascularized bone marrow, blood clot fills the defect site. This blood clot is basically a fibrin matrix that contains red and white blood cells, platelets, glycoproteins, lipids, various growth factors and mesenchymal stem cells (MSCs) migrating from various *Address correspondence to this author at the Department of Pediatric Dentistry, College of Dental Medicine, Nova Southeastern University, 3200 South University Drive, Fort Lauderdale, FL 33328, USA; Tel: 954-262-7386; Fax: 954-262-1782; E-mail: cychuang@nova.edu types of tissues such as bone marrow, bone and adipose and vascular tissues [3] . Ultimately, the fibrin clot is remodeled into a fibrocartilaginous tissue by MSCs [1-3, 11, 12] that may differentiate into chondrocytic cells by various biochemical and biophysical factors in the joint. This spontaneous repair process has become the biological principle for a number of common surgical treatments of chondral lesions [4] [5] [6] [7] [8] [9] [10] . It also indicates that MSCs is a potential cell source for the current developing cell-based approaches of cartilage repair such as cell transplantation (i.e., direct delivery of cells into the damaged site) and tissue engineering (i.e., in vitro development of tissue substitutes). However, the fibrocartilaginous tissue is often formed by MSCs and cannot withstand mechanical load as well as normal cartilage and subsequently may degenerate over time in-vivo. In order to use MSCs successfully for cartilage repair, a thorough exploration and optimization of the factors affecting MSC chondrogenesis is required.
One of major factors in the joint is mechanical loading that has been shown to modulate cartilage-specific matrix biosynthesis of chondrocytes [13] [14] [15] [16] [17] . Investigations of the effects of mechanical loading on MSC chondrogenesis can help us to (1) understand how cartilage regeneration of MSCs may be influenced by the mechanical environment in the joint after repairing damage cartilage with direct delivery of MSCs (i.e., cell transplantation) or implantation of the tissue substitute developed by MSCs; (2) develop new strategies to improve the outcomes of current surgical treatments by manipulating the mechanical environment in the joint; (3) develop functional cartilaginous tissue replacements using MSCs with the application of mechanical stimulation. Therefore, this review article discusses the recent findings on the effects of mechanical loading on MSC chondrogenesis and provides suggestions for the future studies.
MESENCHYMAL STEM CELLS
Mesenchymal stem cells has been isolated from bone marrow by Freidenstein since 1968 and defined as colonyforming unit fibroblasts (CFU-Fs) [18] . Recent studies also demonstrated that MSCs can be obtained from the other mesenchymal tissues such as adipose tissue, muscle, periosteum, and synovial tissue [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . MSCs represent a very small percentage of the total cell populations contributed by a number of different cell types present in these mesenchymal tissues. Under appropriate in vitro culture conditions, they have the capacity to differentiate along different mesenchymal lineages, including cartilage, bone, fat, tendon and muscle [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . Due to their pluripotency, MSCs represent a renewable source of cells that could be used for tissue regeneration or reconstruction of damaged musculoskeletal tissue. MSCs have been considered as candidate cells for cell transplantation and the development of autologous cartilaginous implant (i.e., tissue engineering) for cartilage repair [34] [35] [36] [37] [38] . Compared to differentiated cells (i.e., chondrocytes), advantages of using MSCs in cell-based therapies of damaged cartilage are (1) cell isolation without causing permanent damage to the donor sites and (2) efficient expansion in monolayer cultures without altering their differentiation potential [21, 39] . Besides the potential for chondral-defect repair, Murphy et al. also demonstrated that direct intraarticular injection of MSCs to OA joints retarded the process of OA by stimulating regeneration of meniscal tissue and reducing cartilage degeneration, osteophytic remodeling, and subchondral sclerosis [40] . Since chondrogenic differentiation is the first step for MSCs to repair damaged cartilage, it is important to identify what factors can affect chondrogenesis of MSCs and understand how MSC chondrogenesis is influenced by identified factors.
CHONDROGENESIS OF MESENCHYMAL STEM CELLS
A three-dimensional culture is required to promote MSC chondrogenesis in vitro [20, 21, 31] . Micromass pellet culture is often used to screen the chondrogenic differentiation capacity of MSCs [20, 21, 25, 31, 32] . Various biomaterials has been used to provide a three-dimensional microenvironment for MSC chondrogenesis such as biologically derived polymers (e.g., collagen type I, gelatin, fibronectin, alginate, and agarose) [33, 37, 41, 42] , semisynthetic (e.g., hyaluronan) [35] and synthetic (e.g., polycaprolactone and poly-lactic-glycolic acid (PLGA)) [43, 44] materials. An ideal biomaterial for cell-based therapies should be biodegradable and biocompatible and also able to incorporate in them growth factors, inflammatory inhibitors or antibiotics.
In addition, differentiation stimuli are also needed to induce MSC chondrogenesis. Since blood, bone, and cartilage contain latent transforming growth factor-1 (TGF-1) which may be introduced into the defect site during the spontaneous cartilage repair, TGF-1 may be one of major regulators for BM-MSC chondrogenic differentiation. Indeed, recent studies have shown that chondrogenesis of MSCs can be induced in vitro culture by the treatment of TGF- [20, 21, 25, 31] . The other member of TGF-family such as bone morphogenetic protein (BMP) can also promote chondrogenic differentiation of MSCs [32] . Besides biochemical factors, biomechanical factors may play an important role in chondogenic differentiation of MSCs.
EFFECTS OF MECHANICAL ENVIRONMENTS ON CARTILAGE REGENERATION OF MSCS
Continuous passive motion of joints has been used as a postoperative treatment of articular cartilage injuries to enhance healing of articular cartilage [45] [46] [47] [48] [49] [50] [51] . Salter et al. showed that after drilling holes on rabbit knee joints, healing with predominantly hyaline cartilage was seen in rabbits that were treated with continuous passive motion for 4 weeks [51] . O'Driscoll et al. also confirmed the beneficial effects of continuous passive motion on cartilage-healing. In their studies, full thickness defects of articular cartilage in rabbit knee joints were repaired with autogenous periosteal grafts containing MSCs, and continuous passive motion was used to enhance regeneration of cartilage [47] [48] [49] [50] . In addition, Wakitani et al. transplanted bone-marrow derived MSCs (BM-MSCs) to large, full-thickness cartilage defects of rabbit knee joint and found differences in mechanical properties between reparative tissues on posterior and anterior portions six months after implantation [34] . Since posterior reparative tissues were subjected to more loading during motion of the rabbit knee joint, it suggested that differences in mechanical properties of repair tissues between two locations might be due to substantially different mechanical environments [34] . Although these previous invivo studies indicated that mechanical environment of the joint can influence MSC chondrogenesis, the mechanisms for such effects were not investigated. In the joint, several mechanical events may occur such as compressive loading (cell deformation), hydrostatic pressure, shear, and tensile force. The following section provides a review on the effects of these mechanical events on MSC chondrogenesis.
THE EFFECTS OF MECHANICAL STIMULI ON MSC CHONDROGENESIS
It is well known that mechanical stimulation results in alterations to gene expression, cell morphology, and extracellular matrix (EMC) production [13, 17, [52] [53] [54] [55] . Numerous studies have shown the beneficial effects of mechanical loading on cartilaginous tissue formation of chondrocytes [17, [52] [53] [54] [55] . In addition, mechanical load generated by muscle contraction or growth gradients also represents a major influence factor during the development of musculoskeletal system [56] . As described in the previous section, influences of mechanical environment on cartilage regeneration of MSCs have also been reported in the literatures. Therefore, varying types and levels of mechanical loading has been hypothesized to influence chondrogenic differentiation of MSCs [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] .
(1) Hydrostatic Pressure
Angele et al. showed that when a dynamic hydrostatic pressure (frequency of 1 Hz, amplitude of 5.03 MPa) was applied at single time to human BM-MSCs cultured in chondrogenic medium, it did not show any significant increase in the cartilage-specific matrix production of human BM-MSCs. However, when the same hydrostatic pressure was applied to human BM-MSCs on a multi-day schedule, it promoted the matrix production significantly of the cells after 14 or 28 days. The effects of hydrostatic pressure on the MSCs seemed to be cumulative [58] . However, since the cells were cultured in chondrogenic medium in the study of Angele et al. it is still not clear whether enhancement of MSC chondrogenesis is due to the direct effect of the hydrostatic pressure on the undifferentiated MSCs or on the effect on the MSCs that had already differentiated to chondrocytes.
A recent study demonstrated that a dynamic hydrostatic pressure (frequency of 1 Hz, amplitude of 10 MPa) could promote chondrogenic gene expressions of human BMMSCs in serum-free medium [59] , suggesting that dynamic hydrostatic pressure can induce chondrogenic differentiation of human BM-MSCs by itself. This finding was also supported by the study of Finger et al. who showed that dynamic hydrostatic pressure (frequency of 1 Hz, amplitude of 7.5 MPa) upregulated gene expression of Sox9 (an essential transcription factor for chondrogenesis) of human BM-MSCS in agarose culture without TGF- [60] . The same study was also suggested that hydrostatic pressure with high amplitude (7.5MPa) may induce chondrogenesis of human BM-MSCs earlier than that with lower amplitude [60] . In addition, when the human BM-MSCs were exposed to the combination of a dynamic hydrostatic pressure (frequency of 1 Hz, amplitude of 10 MPa) and TGF-3 treatment, the gene expressions of chondrogenic markers (collagen type II and aggrecan) were further increased. It was also demonstrated that various magnitude (0.1, 1, 10 MPa) of dynamic hydrostatic pressure within the physiological range differently modulated the TGF-3 induced chondrogenesis of human BM-MSCs [57] . The effects of dynamic hydrostatic pressure on chondrogenic gene expression and cartilage matrix protein production of human BM-MSCs decreased with decreasing amplitude of dynamic hydrostatic pressure [57] .
(2) Compressive Loading
Tägil and Aspenberg showed that dynamic compressive loading induced in-vivo cartilage formation in mesenchymal tissues containing MSCs [61] . In their study, 20 cycles of compressive load (frequency of 0.17 Hz, amplitude of 2 MPa, twice a day) were applied to the mesenchymal tissues that were formed a custom load chamber, and cartilage formation was found after 7 weeks of loading.
Recent in vitro studies demonstrated that compressive loading modulated chondrogenic differentiation of embryonic limb-bud cells [62] [63] [64] [65] . Static compression can induce chondrogenesis of mouse limb-bud cells in collagen gel culture by upregulating expression of Sox9, type II collagen and aggrecan [62] while the Sox9 gene expression of mouse pluripotent mesenchymal cells was significantly increased by static compressive force of 0.5 or 1.0 g/cm 2 [65] .
Elder et al. showed that short term cyclic compressive loading significantly enhanced chondrocyte differentiation of chick limb-bud cells in agarose cultures, whereas static compression had a negligible effect [63, 64] . Cyclic compressive loading preferentially stimulated chondrocyte differentiation and did not seem to affect the proliferation of cells. Static compressive loading did neither affect significantly the chondrocyte differentiation nor the proliferation. Possible mechanism could be due to cell deformation resulting in possible activation of ion channels or changes in the cytoskeleton of the cell [63] . Furthermore, cyclic loading-induced stimulation of chondrocyte differentiation from chick limb bud cell-agarose cultures was influenced by loading frequency and duration [64] . Differentiation was unaffected by loading at the lower frequency (0.03Hz), or the shortest duration (12min). The greatest stimulation occurred after loading at 0.33Hz for approximately 1h. It was suggested that compressioninduced chondrogenesis of chick limb-bud cells was diminished at lower frequency which was associated with greater cumulative strain. The level of cumulative or creep to be considered.
Our recent study demonstrated that cyclic compressive loading (frequency of 1 Hz and amplitude of 10% strain) promoted gene expressions of chondrogenic markers (collagen type II and aggrecan) and TGF-1 of rabbit BMMSCs in agarose cultures without the presence of cytokines [66] . This finding suggested that cyclic compressive loading may induce MSC chondrogenesis by promoting the production of endogenous TGF-1. Therefore, cyclic compressive loading can be used as a beneficial alternative for the treatment of TGF-1 in promoting chondrogenesis of BM-MSCs [66] .
Induction of rabbit BM-MSC chondrogenesis by cyclic compressive loading was also confirmed in a biologic biological electromechanical system [67] . When a cyclic load generated by an electromagnetic field was applied to an alginate/MSC layer at 1-Hz frequency for 10 min twice a day, it enhanced the cartilage-specific matrix synthesis and chondrogenic gene expressions of rabbit BM-MSCs without the treatment of TGF- [67] . In the same token, when dynamic compression (frequency of 0.33 HZ and amplitude of 8kPa) was applied to the human BM-MSCs cultured in hyaluronan-gelatin composite scaffolds, chondrogenic differentiation was initiated as seen by an increase in gene expressions of type II collagen and aggrecan after 7 days of loading and higher cartilage specific protein production [68] .
Combining cyclic compressive loading and the TGF-1 treatment promoted collagen type II and aggrecan gene expression of rabbit BM-MSCs more effectively than TGF-1 treatment or compressive loading alone [66] . Similarly, dynamic compression in combination with the treatment of TGF-and dexamethasone was also found to further promote chondrogenesis of bovine BM-MSCs [69] . The addition of TGF-1 to the application of dynamic compression (frequency of 1 Hz and amplitude of 10% strain) increased cell viability, chondrogenic gene expression, and ECM synthesis of bovine BM-MSCs. These effects were further enhanced by the addition of dexamethasone, suggesting that the bovine BM-MSCs treated with TGF-1 and dexamethasone may become more responsive to dynamic loading.
Short term dynamic compressive loading was shown to upregulate the gene expression and protein production of Sox9, c-Fos, c-Jun, and TGF-receptors in rabbit BM-MSCs [70] . It suggested that TGF-signal transduction and activities of AP-1 (Jun-Fos complex) and Sox9 may be involved in early stage of BM-MSC chondrogenesis promoted by dynamic loading. It also indicates that possible mechanisms for compression-induced MSC chondrogenesis involve activation of mitogen-activated protein kinase (MAPK) and Smad signal pathways [70] . Similarly, Mouw et al. reported that dynamic compression also promoted Smad2/3 phosphorylation when bovine BM-MSCs were cultured in TGF-1 media, suggesting that the interactions between mechanical stimuli and TGF-signaling may be an important mechanotransduction pathway for BM-MSCs [69] . Yanagisawa et al. demonstrated that static compression may induce the differentiation of mouse pluripotent mesenchymal cells into the osteoblast and chondroblast lineage by activating phosphorylation of p38 MAPK [65] .
Terraciano et al. reported differences in response of human embryonic stem cells to mechanical compression when compared to human BM-MSCs [71] . Dynamic compression (frequency of 1 Hz and amplitude of 10% strain) downregulated chondrogenic gene expression of human embryonic stem cells in poly(ethylene glycol)-diacrylate hydrogels, whereas the same mechanical stimuli promoted the chondrogenic gene expression in human BMMSCs [71] . However, after initiating chondrogenic differentiation by the treatment of TGF-1, the chondrogenic gene expressions of human embryonic stem cells were enhanced by dynamic compressive loading [71] .
(3) Tensile Force
Tensile stretching was shown to inhibit chondrogenesis of rat embryonic limb bud cells. Possible mechanisms may involve integrins and changes in the cytoskeleton architecture mediated by MAPK or focal adhesionassociated tyrosinase kinase signal transduction pathways [72] .
CONCLUDING REMARKS AND FUTURE PERSPECTIVES
The data reported in previous studies indicate that mechanical loading (i.e., dynamic compressive loading and hydrostatic pressure) can promote MSC chondrogenesis in two possible ways: (1) inducing chondrogenic differentiation of MSCs and (2) enhancing cartilage-specific matrix production of differentiated MSCs. During chondrogenic differentiation, it may take time for MSCs to switch from fibroblastic to chondrocytic phenotype. Fibrocartilaginous reparative tissues are often formed by MSCs when repairing damaged cartilage by penetration of subchondral bone or cell transplantation. It may be due to slow differentiation process or incomplete chondrogenic differentiation of MSCs that deposit a mixture of different types of ECM in the repair sites. Enhancing MSC chondrogenic differentiation may result in a more homogenous population of chondrocytic cells that can produce a more functional cartilage-like reparative tissue. Therefore, mechanical loading may be employed to enhance cartilage regeneration of MSCs when repairing cartilage by cell transplantation or developing a cartilage-like tissue substitutes (i.e., tissue engineering). However, a thorough optimization of mechanical loading on promoting MSC chondrogenesis is still required in order to successful facilitate cartilage regeneration of MSC. The following are the suggested topics for the future studies:
(1) Optimization of Loading Parameters
The beneficial effects of dynamical mechanical loading on MSC chondrogenesis seem to depend on three loading parameters: frequency, amplitude, and duration. However, the optimal conditions of these loading parameters for different types of mechanical loading have not been systematically studied.
(2) Biomaterial
In the tissues, extracellular matrix is important for presenting growth factors, morphogenesis, and mechanical support to the cells [73] . Major structural components of adhesion complexes at the cell membrane are integrins that interact with the ECM and sense changes in mechanical stress at the cell surface. Upon mechanical stimulation via the ECM, integrins could trigger signals which lead to adaptive cellular responses. Biomaterials used for cell transplantation or tissue engineering may play a similar role as ECM. Cell interactions with different materials may provide different stimuli to MSCs during mechanical stimulation. Therefore, it is important to find the best biomaterials for different types of mechanical loading to promote MSC chondrogenesis.
(3) Matrix Metalloproteinase (MMP) Activity
An important pathway in ECM turnover involves MMPs. The MMP activity is strictly controlled by the tissue inhibitors of matrix metallopreoteinases (TIMPs). Studies have indicated that the fine balance between MMP activity and TIMP levels in normal cartilage is disrupted in degraded cartilage, where an excess of MMPs lead to tissue damage [74] . Dynamic compressive loading on articular cartilage explants was found to up-regulate both synthesis and activation of pro-MMPs, but has little influence on the TIMP expression [75] . Therefore, it is necessary to investigate the effects of mechanical loading on the MMP and TIMP production of MSCs.
(4) Combination with Positive Factors that Promote MSC Chondrogenesis
Previous studies have shown that combining mechanical loading with the treatment of TGF-can enhance MSC chondrogenesis more than individual treatment. The other positive factors combined with mechanical loading may provide better options for enhancing MSC chondrogenesis. For example, insulin-like growth factor I (IGF-I) have shown both in vitro and in vivo to augment the cartilage matrix synthesis and to maintain cartilage matrix integrity and biochemical composition [76] . It was shown that the increase in protein and glycoasminoglycan synthesis generated by the combination of IGF-I and dynamic compression is greater than the maximal effect of either stimulus alone [76] . Previous studies have demonstrated promising results on mechanical stimulation of MSC chondrogenesis. More studies are needed to provide optimal conditions for mechanical stimulation of MSC chondrogenesis and a better understanding in mechanisms behind it. Therefore, it will help to develop new strategies for cartilage repair using MSC-based therapies such as cell transplantation and cartilage tissue engineering.
